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The Return of the Spike: Review
Postsynaptic Action Potentials
and the Induction of LTP and LTD
hibit spikes via blockade of postsynaptic voltage-gated
Na1 channels (Gustafsson et al., 1987; Thomas et al.,
1998; but see Scharfman and Sarvey, 1985). The pre-
dominant sentiment in the field was that Hebb had cap-
tured the essence of LTP but had been slightly off the
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mark where postsynaptic spiking was concerned.
Perhaps the most quoted idea in the history of neurosci-
The Last Laughence is the synaptic modification postulate proposed
Recently, an exciting set of experiments have causedby the Canadian psychologist Donald Hebb in his 1949
renewed interest in postsynaptic spiking and synapticbook, The Organization of Behavior. Formulated to ex-
plasticity and have refocused attention on the literalplain how memories could be stored as alterations in
interpretation of Hebb's postulate. The basic obser-synaptic strength, it reads:
vation that sparked this new era was the conclusive
When an axon of cell A is near enough to excite a cell demonstration (with simultaneous whole-cell patch re-
cording at axonal, somatic, and dendritic loci on a singleB and repeatedly or persistently takes part in firing it,
neuron) that Na1 spikes initiated at the axon hillocksome growth process or metabolic change takes
can backpropagate into the dendritic arbor (reviewedplace in one or both cells such that A's efficiency, as
by Stuart et al., 1997b). This propagation is active. It isone of the cells firing B, is increased.
mediated and modulated by the activity of dendritic
While this proposal generated a certain amount of voltage-gated ion channels. Most importantly, the back-
interest upon its publication, it wasn't until 1973, when propagating spike provides a signal capable of in-
Bliss and Lomo first reported the phenomenon of long- forming the synapse that the postsynaptic cell has fired.
term potentiation (LTP) in the hippocampus, that a trac- Very recently, this technique has been used to conclu-
table electrophysiological model system emerged that sively demonstrate that stimulation of excitatory syn-
could be used to study use-dependent alteration of syn- apses can result in local Na1 spikes in the dendrite, an
aptic strength in the mammalian brain and that appeared idea that had been suggested by classic field potential
to embody the Hebb postulate (WigstroÈ m et al., 1988). (Cragg and Hamlyn, 1955; Andersen, 1960; Fujita and
LTP is a persistent increase in synaptic strength that is Sakata, 1962) and intracellular (Spencer and Kandel,
typically produced by brief high-frequency stimulation 1961) recordings. Recordings made from neocortical
of presynaptic neurons. In its most commonly studied layer 5 pyramidal neurons (Stuart et al., 1997a) and hip-
form, it requires activation of postsynaptic NMDA recep- pocampal CA1 pyramidal neurons (Golding and Sprus-
tors and consequent Ca21 influx. Phenomenologically, it ton, 1998) have shown that sufficiently strong synaptic
appears to obey the Hebb postulate: neither presynaptic stimulation can result in dendritic Na1 spikes that pre-
activation alone nor postsynaptic activation alone is suf- cede axosomatic spikes. These dendritically initiated
ficient for LTP inductionÐthere is a requirement for tem- Na1 spikes are attenuated by prior dendritic spiking
poral association between presynaptic and postsynap- (through Na1 channel inactivation) and are not reliably
tic activity. The properties of the NMDA receptor seem propagated to the soma. As such, they have the poten-
tial to comprise a local integrative signal.to explain this requirement, as current flux through the
The first demonstration that a backpropagating spikeNMDA receptor requires both ligation of glutamate (a
could function as an associative signal for LTP inductionconsequence of presynaptic activity) and postsynaptic
came in back-to-back publications in 1997. Markram etdepolarization sufficient to relieve the blockade of the
al. (1997) utilized cell pair recording in neocortical slicesion channel by external Mg21. In addition to LTP, several
to show that when postsynaptic spikes were paired withforms of use-dependent synaptic weakening, or long-
small bursts of subthreshold excitatory postsynaptic po-term depression (LTD), have also been described (re-
tentials (EPSPs), LTP of subsequent single EPSPs wasviewed by Linden and Connor, 1995). At some synapses,
produced. This phenomenon was associative in thatLTP and LTD have been shown to reverse each other,
neither the EPSP bursts nor the postsynaptic spikingthus creating use-dependent bidirectional modification,
alone was sufficient to induce LTP. A parametric studya computationally useful property.
revealed that when the onset of the EPSP either pre-Whereas the general principle of Hebb's postulate was
ceded or followed the onset of the spike with an intervalborne out by studies of LTP, one particular aspect was
of $100 ms, no alteration in synaptic strength was pro-not. Although there is an absolute requirement for post-
duced. When the interval was reduced to 10 ms, LTPsynaptic activation in LTP induction, it is not necessary
was induced when the EPSP preceded the spike, andthat this activation take the form of spiking. Brief high-
LTD was induced when this order was reversed (seefrequency (100 Hz) stimulation that does not evoke post-
Figure 1). Concurrently, this same basic finding wassynaptic spiking is sufficient to induce LTP (Douglas et
made using recordings of hippocampal Schaffer collat-al., 1982; Lee, 1983), as is high-frequency stimulation
eral±CA1 synapses by Magee and Johnston (1997), whotogether with postsynaptic application of a drug to in-
also showed that LTP induced in this manner could be
blocked by bath application of NMDA receptor antago-
nists. Magee and Johnston (1997) also demonstrated* E-mail: dlinden@jhmi.edu.
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Figure 1. Induction of LTP and LTD by Pairing of EPSPs and Post-
synaptic Spikes
(A) LTP and LTD were induced in pyramidal cell pairs in a neocortical
slice. Following a baseline recording period, repeated paired stimuli
were given in which a postsynaptic spike either preceded (closed
squares) or followed (open squares) an EPSP by 10 ms, resulting
in LTD or LTP, respectively. However, when a postsynaptic spike
either preceded (closed circles) or followed (open circles) an EPSP
by 100 ms, no significant alteration of synaptic strength was pro-
duced. Reprinted with permission from Markram et al. (1997) (copy-
right [1997] American Association for the Advancement of Science).
(B) LTP and LTD were induced in pyramidal cell pairs in hippocampal
culture. This graph illustrates the critical window for induction of LTP
and LTD by repeating parings of EPSPs and postsynaptic spikes.
Negative numbers on the x axis indicate intervals in which the spike
preceded the EPSP. Measurements of change in synaptic strength
were made 20±30 min after pairing. Each plot symbol represents a
single experiment. Reprinted with permission from Bi and Poo (1998)
(copyright [1998] Society for Neuroscience).
(C) Two-photon Ca21 fluorescence imaging was used to measure Ca21 transients in single spines of the basal dendrites of neocortical layer
5 pyramidal neurons in a slice preparation. These transients were evoked by either a paired stimulus in which a postsynaptic action potential
preceded an EPSP by 50 ms (AP-EPSP), a paired stimulus in which this order was reversed (EPSP-AP), or a pair of action potentials given
with a 50 ms interval. The y axis represents the peak amplitude of the evoked Ca21 transient, normalized to that of a single EPSP in the first
case and a single AP in each of the second two cases. Each plot symbol represents a single experiment and the horizontal bars represent
the means. Reprinted with permission from Koester and Sakmann (1998) (copyright [1998] National Academy of Sciences, USA).
that LTP induction could be blocked by local application receptor and subsequent Ca21 entry, arrival of the back-
propagating spike during the EPSP functions to depolar-of tetrodotoxin (TTX) only to that region of dendrite inter-
posed between the soma and the activated synapses. ize the postsynaptic membrane strongly and thereby
facilitate Ca21 flux mediated by the NMDA receptor. InThus, somatic spikes that fail to propagate to the site
of activated synapses cannot contribute to LTP induc- contrast, when the spike precedes the EPSP, the EPSP
coincides with the afterhyperpolarization, which maytion in this system.
These initial findings have since been confirmed and dampen NMDA receptor-mediated Ca21 influx. How-
ever, the role of the afterhyperpolarization in this pro-extended using several different preparations, including
hippocampal CA3±CA3 cell pairs in cultured slices (De- cess has not been systematically studied. At present, it
is not clear if the time course of the afterhyperpolariza-banne et al., 1998), developing Xenopus retinotectal
synapses in vivo (Zhang et al., 1998), and cultured hippo- tion as measured in the dendrites is a good predictor
of the timing requirements for LTD induction.campal pyramidal neurons (Bi and Poo, 1998). In each
case, LTP was induced by pairing in which spikes fol- A number of Ca21 imaging studies that have examined
the interaction between backpropagating spikes andlowed EPSPs by z10 ms and LTD was induced when
this order was reversed (see Figure 1B). While Hebb EPSPs in dendrites appear to support this model. Yuste
and Denk (1995) used two-photon microscopy to showdid not envision use-dependent synaptic weakening, his
postulate does state the requirement for temporal order that while both bursts of subthreshold EPSPs and back-
propagating spikes could produce Ca21 transients inseen in these experiments (EPSP must precede the
spike to strengthen the synapse). This strong depen- dendritic spine heads of hippocampal CA1 pyramidal
cells, simultaneous spikes and EPSPs produced a su-dence on temporal order may be understood in terms
of the voltage-dependent blockade of the NMDA recep- pralinear Ca21 transient (a Ca21 transient larger than
that predicted by adding the spike and EPSP transientstor by Mg21. Because the forms of LTP and LTD de-
scribed above depend upon the activation of the NMDA together). Several subsequent studies have confirmed
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this basic finding using both two-photon (Koester and In contrast to reports in mammalian brain, Bell et al.
Sakmann, 1998; Schiller et al., 1998) and conventional (1997) have shown that in the electrosensory lobe of a
(Magee and Johnston, 1997) microscopy. An important mormyrid electric fish (which is a cerebellum-like struc-
extension of this finding was that pairing in which post- ture), pairing in which a parallel fiber±evoked gluta-
synaptic spikes preceded EPSPs resulted in a sublinear matergic EPSP is followed 10 ms later by a postsynaptic
Ca21 transient (Koester and Sakmann, 1998), consistent Na1 spike produces LTD rather than LTP. Pairings at
with the LTD induced by this stimulation protocol (see other delays lead to enhancement or no change in EPSP
Figure 1C). size. The LTD induced in this fashion is blocked by
A supralinear Ca21 transient could result from voltage- an NMDA receptor antagonist or a postsynaptic Ca21
dependent unblock of NMDA receptors, nonlinear acti- chelator and is not induced when postsynaptic depolar-
vation of voltage-gated Ca21 channels or Ca21-induced ization that is just subthreshold for spike generation is
Ca21 release. Dissociating these contributions is not a used in place of a spike (C. C. Bell, personal communica-
simple matter of adding the appropriate drugs to the tion). At present, it is not known if the Ca21 transients
bath, because some of these mechanisms, particularly produced in the postsynaptic (Purkinje-like) cell by
opening of voltage-gated Ca21 channels, may be opera- paired stimuli resemble those in previously studied
tive in both transmitter release and postsynaptic pro- mammalian neurons.
cesses. To circumvent this problem, Schiller et al. (1998) While EPSP±spike pairing causes large spine Ca21
repeated the two-photon imaging experiments of den- transients that presumably result in LTP induction, it is
dritic spines described above but utilized uncaging of clear that postsynaptic spikes alone can result in smaller
glutamate by a UV laser in place of synaptic stimulation. Ca21 transients in dendritic shafts (Jaffe et al., 1992;
By calibrating the uncaging stimulus, they produced Magee and Johnston, 1997) and spines (Yuste and Denk,
postsynaptic depolarizations that approximated the size 1995; Koester and Sakmann, 1998; Schiller et al., 1998).
and shape of an EPSP. These artificial EPSPs produced Indeed, it was seen that the spine Ca21 transients pro-
spine Ca21 transients that were largely mediated by volt- duced by LTD-inducing EPSP±spike pairing were similar
age-gated Ca21 channels, with only 18% of the Ca21 in amplitude to those produced by pairs of spikes (Koes-
signal contributed by the NMDA receptor. EPSP±spike ter and Sakmann, 1998). This observation is consistent
pairing produced a supralinear Ca21 signal in which 59% with reports that LTD may be induced by prolonged
of the total signal was mediated by NMDA receptors, high-frequency postsynaptic spiking alone, in a manner
this increase being sufficient to fully account for the that requires voltage-gated Ca21 channels but that does
supralinearity. While this result is exciting and could not require NMDA receptor activation (Pockett et al.,
explain LTP, several caveats need to be considered. 1990; Christofi et al., 1993; Cummings et al., 1996). In
First, while local uncaging of glutamate produces a de- fact, in some cases repeated high-frequency bursts of
polarization that looks like an EPSP, it is possible that postsynaptic spiking alone have been reported to pro-
the former activates a higher proportion of extrasynaptic duce LTP as well (Volgushev et al., 1994). However, while
receptors. Because extrasynaptic glutamate receptors LTP/LTD induction by postsynaptic spiking alone is an
have a higher proportion of AMPA relative to NMDA instructive experiment, it is unlikely to represent a situa-
receptors as compared with synaptic glutamate recep- tion that is common in vivo.
tors, this could result in a fractional NMDA receptor
contribution calculated from local uncaging that is lower
Beyond Glutamate Consciousnessthan for true synaptic stimulation. Second, increases in
Recently, it has been shown that postsynaptic spikingintracellular Na1, as would be expected to occur follow-
is important for LTP and LTD of an inhibitory GABAergicing spikes or spike bursts, can transiently increase the
synapse (Aizenman et al., 1998). Inhibitory postsynapticopen probability of NMDA receptors an a manner that
potentials (IPSPs) recorded in cerebellar deep nuclearrequires the presence of an NMDA receptor±associated
neurons, in response to stimulation of the axons of cere-Src kinase (Yu and Salter, 1998). Thus, depolarization
bellar Purkinje cells in a slice preparation, undergo LTPis not the only way in which postsynaptic spikes might
following a series of brief high-frequency IPSP bursts.potentiate NMDA receptor function. It will be informative
The LTP produced by this stimulation is almost com-to couple Na1 imaging and whole-cell patch recording
pletely blocked by application of a postsynaptic Ca21with EPSP±spike pairs to assess the time course of Na1
chelator. The IPSP bursts are transduced into postsyn-transients in relation to the timing requirements for the
aptic Ca21 transients in the following manner. Duringinduction of LTP and LTD. Third, spine Ca21 signals
the burst of IPSPs, the sustained membrane hyperpolar-evoked by single EPSPs in hippocampal CA1 pyramidal
ization serves to release low-threshold Ca21 channelscells can be blocked nearly completely by either an
from the partial inactivation they undergo at the restingNMDA receptor antagonist or by blockers of Ca21-
potential. Thus, as the last IPSP in the burst terminates,induced Ca21 release, suggesting a model in which se-
these channels then open. The depolarization producedquential activation of these two processes gives rise to
by this Ca21 conductance triggers a burst of Na1 spiking,spine Ca21 signals (Emptage et al., 1999). Importantly,
which after z5±30 spikes is terminated in large part byneither NMDA receptor antagonists nor blockers of
the activation of a small-conductance Ca21-dependentCa21-induced Ca21 release altered the amplitude or ki-
K1 current (C. D. Aizenman and D. J. L., unpublishednetics of the somatically recorded EPSP, suggesting
data). The dendritic Ca21 transients produced by thisthat they did not alter presynaptic glutamate release.
stimulation scale in an approximately linear fashion withWhile not examined in this study, Ca21-induced Ca21
the number of postsynaptic spikes evoked. The post-release could potentially contribute to the supralinear
Ca21 signals induced by EPSP±spike pairing. synaptic spiking produced by IPSP bursts is not only
Neuron
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necessary for LTP induction, it is sufficient. Direct injec- stimulation of adult rat hippocampal synapses with sin-
gle pulses delivered at the theta frequency (5 Hz 3 150tion of hyperpolarizing current to evoke rebound depo-
pulses) can induce LTP through the production of post-larizations similar to those produced by IPSP bursts will
synaptic complex spike bursts, each consisting of twoinduce LTP. Importantly, manipulations that reduce or
to three spikes at z100 Hz. Postsynaptic infusion of theeliminate postsynaptic spiking (such as tonic postsyn-
Na1 channel blocker QX-314 or bath application of lowaptic hyperpolarization or postsynaptic application of
concentrations of TTX blocked both postsynaptic com-QX-314) cause normally LTP-inducing stimuli to induce
plex spike bursts and theta-induced LTP. Thus, postsyn-LTD instead. Thus, an important computational principle
aptic spiking, delivered at a frequency that is behavior-described at excitatory synapses, that LTP is induced by
ally relevant in the hippocampus in vivo, is necessarystimulation that results in strong postsynaptic activation
for LTP induction.while LTD is induced by stimulation that results in
While voltage-gated Ca21 and Na1 channels are gen-weaker postsynaptic activation (reviewed by Artola and
erally expressed at a uniform density along the dendrite,Singer, 1993; Bear, 1996), is present at this inhibitory
the A-type K1 channel is expressed at much higher lev-synapse as well. From an evolutionary point of view, it
els in distal dendritic regions (reviewed by Magee et al.,is interesting that this same basic computation has been
1998). As a result, the ratio of total inward to outwardproduced at both excitatory and inhibitory synapses
current decreases considerably with distance along theusing very different molecular mechanisms.
dendrite, thereby limiting backpropagation in the more
distal dendritic regions. The channel underlying the hy-Some Implications and Future Directions
perpolarization-activated cation pacemaker current Ih isThe role of postsynaptic spiking in use-dependent syn-
expressed with a similar pattern of distal enrichmentaptic plasticity raises a number of interesting computa-
(Magee, 1998). While Ih has a minimal impact upon thetional predictions that are potentially relevant to cellular
amplitude of backpropagating spikes, it does appear toand network models of memory. First, when backpropa-
limit their duration. In addition, the tendency of back-gating spikes contribute to the induction of LTP or LTD
propagating spikes to fail at dendritic branch pointsthrough the voltage-dependent unblock of NMDA recep-
(Spruston et al., 1995) will tend to restrict their spreadtors, these processes will be input specific as they re-
into distal dendrites. Thus, backpropagating spikesquire the association of two signals, local activation of
would be expected to have a greater contribution toNMDA receptors and a more global backpropagating
LTP/LTD induction in proximal dendrites. An associatedspike. In contrast, when backpropagating spikes con-
caveat is that drugs used in LTP and LTD experimentstribute to the induction of LTP and LTD via activation
that have side effects on postsynaptic Na1 and K1 chan-of voltage-gated Ca21 channels, these processes will
nels could affect induction.be induced in all parts of the dendrite in which the spike
A third prediction is that extrinsic modulators of so-is efficiently propagated. When spikes are initiated in
matodendritic voltage-gated channel activity such asthe dendrite, they may function as local signals even if
acetylcholine, serotonin, and norepinephrine will, by af-they exert their effects via voltage-gated Ca21 channels,
fecting a postsynaptic cell's propensity to spike, alter
if they have a delimited spread (Stuart et al., 1997a;
not only neuronal throughput but also spike backpropa-
Golding and Spruston, 1998).
gation (Tsubokawa and Ross, 1997; Sandler and Ross,
Second, the expression of voltage-gated channels in
1999) and thereby the thresholds for inducing LTP and
the dendrite will have a profound effect on the propaga- LTD (so-called ªmetaplasticityº). In cases where these
tion of dendritic spikes (reviewed by Stuart et al., 1997b; transmitters are released such that they diffuse broadly,
Magee et al., 1998). Neurons such as the cerebellar they have the potential to alter plasticity thresholds for
Purkinje cell that almost completely lack dendritic volt- the entire cell, whereas local release could produce a
age-gated Na1 channels have only very poor, passive corresponding local threshold alteration.
propagation of axosomatic spikes into the dendritic Fourth, the level, timing, and spatial pattern of inhibi-
arbor, while neurons that have high dendritic Na1 chan- tory synaptic inputs received by the somatodendritic
nel densities (and/or broad somatic Na1 spikes) such regions of postsynaptic neurons will profoundly attenu-
as substantia nigra dopamine neurons backpropagate ate backpropagating spikes through local hyperpolar-
very efficiently. Most neurons fall somewhere between ization and shunting, as has been shown using dendritic
these extremes, with somatic spikes attenuated 30%± recording and simultaneous Ca21 imaging in hippocam-
40% at a distance of 400 mm into the dendrite. Several pal CA1 pyramidal cells (Tsubokawa and Ross, 1996).
other factors also influence the extent of spike back- In many brain regions, activation of excitatory axons will
propagation. When a burst of sustained, high-frequency also recruit disynaptic inhibitory inputs that temporally
somatic spiking is induced, the later spikes in the burst overlap with the generation of postsynaptic spikes.
are drastically attenuated in the distal dendrite (Sprus- Thus, the well-known facilitation of NMDA receptor±
ton et al., 1995). This seems to result in part from the dependent LTP and LTD induction by GABAA antago-
unusually slow recovery from inactivation of dendritic nists (WigstroÈ m and Gustafsson, 1983) may result in
Na1 channels (Colbert et al., 1997; Jung et al., 1997). part from more efficient spike backpropagation. More
One prediction of this observation is that stimuli produc- importantly, GABAergic drive is modulated in several
ing the same number of postsynaptic spikes will be interesting ways by neuronal activity. Short-term modu-
much more effective in depolarizing the dendrite and lation may be produced by extrinsic neurotransmitters
thereby contributing to LTP or LTD induction if they are such as norepinephrine and dopamine, as well as by
presented in short bursts as opposed to long trains. In ªdepolarization-induced suppression of inhibitionº (Pitler
and Alger, 1992; Vincent et al., 1992), which is itselffact, Thomas et al. (1998) have shown that sustained
Review
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Referencestriggered by postsynaptic activation. In addition, inhibi-
tory synapses can undergo LTP and LTD (Aizenman et
Abraham, W.C, Gustafsson, B., and Wigstrom, H. (1987). Long-termal., 1998; reviewed by Kano, 1995).
potentiation involves enhanced synaptic excitation relative to syn-
Fifth, postsynaptic spiking has been shown to be aptic inhibition in guinea-pig hippocampus. J. Physiol. 394, 367±380.
modified in a use-dependent manner. Induction of hip- Aizenman, C., Manis, P.B., and Linden, D.J. (1998). Polarity of long-
pocampal LTP is known to produce both a potentiation term synaptic gain change is related to postsynaptic spike firing at
of the field EPSP (fEPSP) (a phenomenon attributable a cerebellar inhibitory synapse. Neuron 21, 827±835.
to an increase in synaptic efficacy) and a potentiation Andersen, P. (1960). Interhippocampal impulses. II. Apical dendritic
activation of CA1 neurons. Acta Physiol. Scand. 48, 178±208.of the population spike that is larger than that accounted
for by the increase in fEPSP called ªE/S potentiationº Andersen, P., Sundberg, S.H., Sveen, O., Swann, J.W., and Wig-
strom, H. (1980). Possible mechanisms for long-lasting potentiation(Andersen et al., 1980). E/S potentiation has been
of synaptic transmission in hippocampal slices from guinea-pigs.thought to result from a decrease in the ratio of evoked
J. Physiol. 302, 463±482.inhibitory drive to excitatory drive in the potentiated
Artola, A., and Singer, W. (1993). Long-term depression of excitatoryversus basal state (Abraham et al., 1987). Interestingly,
synaptic transmission and its relationship to long-term potentiation.
these phenomena are dissociableÐin some cases, E/S Trends Neurosci. 16, 480±487.
potentiation may be induced in the absence of changes Bear, M.F. (1996). A synaptic basis for memory storage in the cere-
in excitatory synaptic strength. In the present context, bral cortex. Proc. Natl. Acad. Sci. USA 93, 13453±13459.
a greater probability of postsynaptic spiking produced Bell, C.C., Han, V.Z., Sugawara, Y., and Grant, K. (1997). Synaptic
by E/S potentiation would be expected to affect meta- plasticity in a cerebellum-like structure depends on temporal order.
Nature 387, 278±281.plasticity, that is, to shift the thresholds for LTD/LTP
induction. Bi, G.-Q., and Poo, M.-M. (1998). Activity-induced synaptic modifica-
tions in hippocampal culture: dependence on spike timing, synapticSixth, a preliminary report from Fields and coworkers
strength and cell type. J. Neurosci. 18, 10464±10472.has suggested that postsynaptic spiking may function
Christofi, G., Nowicky, A.V., Bolsover, S.R., and Bindman, L.J. (1993).as an important signal in a protein synthesis±dependent
The postsynaptic induction of nonassociative long-term depressionlate phase of hippocampal LTP (Dudek and Fields, 1998,
of excitatory synaptic transmission in rat hippocampal slices. J.
Soc. Neurosci., abstract). This report built upon the prior Neurophysiol. 69, 219±229.
observation of Frey and Morris (1997) that strong tetani-
Colbert, C.M., Magee, J.C., Hoffman, D., and Johnston, D. (1997).
zation in the presence of protein synthesis inhibitors or Slow recovery from inactivation of Na1 channels underlies the activ-
weak tetanization without drugs, treatments that nor- ity-dependent attenuation of dendritic action potentials in hippo-
campal CA1 pyramidal neurons. J. Neurosci. 17, 6512±6521.mally induce only an early phase of LTP, will induce a
late phase if preceded by a repeated, strong tetanic Cragg, B.G., and Hamlyn, L.H. (1955). Action potentials of the pyra-
midal neurones in the hippocampus of the rabbit. J. Physiol. (Lond.)stimulation to a separate set of synapses. These results
129, 608±627.suggest that the repeated, strong stimulation induces
Cummings, J.A., Mulkey, R.M., Nicoll, R.A., and Malenka, R.C.the synthesis of proteins that are transported broadly
(1996). Ca21 signaling requirements for long-term depression in thethrough dendrites and that can then be incorporated
hippocampus. Neuron 16, 825±833.
at recently active ªtagged synapses.º Inspired by the
Debanne, D., Gahwiler, B.H., and Thompson, S.M. (1998). Long-termobservation that postsynaptic spiking alone induces a
synaptic plasticity between pairs of individual CA3 pyramidal cells
program of protein synthesis in the postsynaptic cell, in rat hippocampal slice cultures. J. Physiol. 507, 237±247.
Dudek and Fields (1998, Soc. Neurosci., abstract) showed Douglas, R.M., Goddard, G.V., and Riives, M. (1982). Inhibitory mod-
that prior postsynaptic spiking could replace repeated ulation of long-term potentiation: evidence for a postsynaptic locus
strong stimulation in enabling subsequent weak stimula- of control. Brain Res. 240, 259±272.
tion to induce a late phase of LTP. Emptage, N., Bliss, T.V.P., and Fine, A. (1999). Single synaptic events
evoke NMDA receptor±mediated release of calcium from internalIt will be useful to incorporate some of the computa-
stores in hippocampal dendritic spines. Neuron 22, 115±124.tional implications of the effects of postsynaptic spiking
Frey, U., and Morris, R.G. (1997). Synaptic tagging and long-termdescribed above into realistic network models. In gen-
potentiation. Nature 385, 533±536.eral, the backpropagating spike, in serving as a signal to
Fujita, Y., and Sakata, H. (1962). Electrophysiological properties ofinform synapses of the ultimate success of postsynaptic
CA1 and CA2 apical dendrites of rabbit hippocampus. J. Neurophys-signal integration and transduction, provides an impor-
iol. 25, 209±222.
tant role in neuronal information storage and activity-
Golding, N.L., and Spruston, N. (1998). Dendritic sodium spikes are
dependent modulation of developing synapses. While variable triggers of axonal action potentials in hippocampal CA1
much work remains to determine the degree to which pyramidal neurons. Neuron 21, 1189±1200.
postsynaptic spike firing contributes to use-dependent Gustafsson, B., Wigstrom, H., Abraham, W.C., and Huang, Y.-Y.
synaptic plasticity in the behaving animal, it is clear that (1987). Long-term potentiation in the hippocampus using depolariz-
ing current pulses as the conditioning stimulus to single volley syn-not just the general thrust but the specifics of Hebb's
aptic potentials. J. Neurosci. 7, 774±780.postulate must be regarded as remarkably prescient
Hebb, D.O. (1949). The Organization of Behavior (New York: Wiley).and useful.
Jaffe, D.B., Johnston, D., Lasser-Ross, N., Lisman, J.E., Miyakawa,
H., and Ross, W.N. (1992). The spread of Na1 spikes determinesAcknowledgments
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